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Kingdom; and §Department of Chemistry, King’s College London, London, United KingdomABSTRACT Generations of scientists have been captivated by ion channels and how they control the workings of the cell by
admitting ions from one side of the cell membrane to the other. Elucidating the molecular determinants of ion conduction and
selectivity are two of the most fundamental issues in the field of biophysics. Combined with ongoing progress in structural
studies, modeling and simulation have been an integral part of the development of the field. As of this writing, the relentless
growth in computational power, the development of new algorithms to tackle the so-called rare events, improved force-field
parameters, and the concomitant increasing availability of membrane protein structures, allow simulations to contribute even
further, providing more-complete models of ion conduction and selectivity in ion channels. In this report, we give an overview
of the recent progress made by simulation studies on the understanding of ion permeation in selective and nonselective ion
channels.INTRODUCTIONUnder physiological conditions, the concentration of Kþ
ions inside a typical cell is ~10 times that in the extracellular
fluid. In contrast, the concentration of Naþ ions is much
higher outside the cell than inside. A large gradient of
Ca2þ ions across the plasma membrane also exists; Ca2þ
free in the cytosol is generally<0.2 mM, and in the extracel-
lular fluid is 1–2 mM. These concentration gradients are
maintained by transporter proteins at the expense of cellular
energy. In addition to them, the plasma membrane also
contains proteins that allow the passage of ions at near diffu-
sion-limited rates, and which are able to discriminate
between ionic species. These are the so-called ‘‘ion chan-
nels’’. Their ability to select for particular ionic species is
known as ion selectivity, and this is a fundamental property
defining ion channel function.
The selectivity of Naþ and Kþ channels in the presence of
concentration gradients creates a difference in voltage
across the plasma membrane, crucial for a variety of biolog-
ical functions including nerve excitation, muscle cell
contraction, hormone secretion, and the control of osmotic
pressure. Kþ channels are perhaps the most extensively
studied family of ion channels, both experimentally and
computationally. Thousands of millions of Kþ ions per sec-
ond can diffuse down their electrochemical gradient across
the membrane at physiological conditions. In contrast, Naþ
channels allow the passive diffusion of Naþ ions down their
electrochemical gradient, while at the same time they are
almost impermeable to Kþ and Ca2þ ions. Several atomic
structures of Kþ-selective channels have been solved since
the prokaryotic channel KcsA was crystallized in 1998Submitted December 18, 2012, and accepted for publication August 30,
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0006-3495/13/10/1737/9 $2.00(1–5), the most recent ones being two K2P channels struc-
tures (6,7). Remarkably, the atomic structures of three
Naþ-selective channels and one Ca2þ-selective channel
were also determined recently (8–11). These high-resolu-
tion structures of ion channels have greatly advanced, and
will continue to aid in improving our understanding of the
molecular details underlying ion selectivity and conduction.
Computational approaches, and in particular molecular dy-
namics (MD) simulations, have played key roles in the
structural biology of ion channels. In this review, we discuss
the progress using simulations to understand Kþ- and Naþ-
permeation in selective and nonselective ion channels.The architecture of the pore domain
Naþ and Kþ channels share the same general architecture,
with four protein subunits arranged around a central ion
conducting pore. Each monomer contains at least an outer
transmembrane helix, a pore helix, a selectivity filter (SF)
signature sequence, and an inner transmembrane helix
(Fig. 1 A). The amino acids responsible for selective con-
duction, which form the SF, are located in the loop
(P-loop) that links the inner and outer helices. In the closed
state, the C-termini of the inner helices are tied together,
preventing ion translocation between the cytoplasm and a
central water-filled cavity. The proteins open by means of
an outward movement of the inner helices that extends the
cavity to the cytoplasm (12).The selectivity filter of KD channels
The consensus sequence of the SF in Kþ channels is
TVGYG (13). If Kþ channels are crystallized in the pres-
ence of Kþ ions, the carbonyl oxygen atoms of these resi-
dues are directed toward the channel axis (Fig. 1 B).http://dx.doi.org/10.1016/j.bpj.2013.08.049
AB
FIGURE 1 (A) (Cartoon representation) NaVAb and KcsA structures.
Only two out of the four subunits are shown for simplicity. (Licorice) Selec-
tivity filter. (Green spheres) Kþ ions. (B) Structure of the selectivity filter
of KcsA in high- (PDB:1K4C) and low-Kþ (PDB:1K4D), NaVAb
(PDB:4EKW), NaK (PDB:3E8H), and an NaK mutant (PDB:4K03). SIN,
SCEN, and SHFS indicate possible ion binding sites in the Na
þ channel,
and S1–S4 binding sites in Kþ channels. To see this figure in color, go
online.
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these carbonyl oxygen atoms define a series of four contig-
uous binding sites, known as S1–S4, where Kþ ions bind in
a square anti-prism arrangement (1). Further binding sites,
S0 and Sext, have been observed at the extracellular entrance
of the SF (14). A network of H-bonds stabilizes this struc-
ture of the SF. In KcsA, Tyr78 H-bonds to Trp68 in the
pore helix of the neighboring subunit, and hydrophobic
packing of Tyr78 within residues of the P-loop confers
further stability to the SF. Similar stabilizing interactions
are observed in all the crystallographic structures of Kþ
channels known to date. Another H-bond between an acidic
residue following the TVGYG signature and an aromatic
residue in the P-loop of the same subunit is usually
observed:
Asp80-Trp67 in KcsA,
Asp64-Tyr51 in MthK,
Asp399-Trp366 in Kv1.2, and
Asp243-Tyr230 in TRAAK.Biophysical Journal 105(8) 1737–1745In KcsA, Asp80 also takes part in an H-bond with Glu71 at
the C-terminal of the pore helix. Similarly, in inward recti-
fying channels, a salt-bridge is conserved between the
amino acid analogous to Glu71 of KcsA and a residue two
positions after the TVGYG signature: Arg149-Glu139 in
Kir2.2, Arg
160-Asp150 in Kir3.2.
An alternative SF structure is observed when KcsA is
crystallized in high-Naþ/low-Kþ concentrations (Fig. 1 B)
(14). In low-Kþ, the carbonyl oxygen atoms of Val76 are ori-
ented tangentially to the pore axis. In contrast, the Ca atoms
of Gly77 point to the pore axis, which gives the SF a peculiar
hourglass shape with minimum diameter ~5.5 A˚. According
to MD simulations, the structure of the SF in high Kþ
rapidly evolves toward this collapsed state if Kþ ions are
removed from the SF (15); and this collapsed structure is
impermeable to Kþ, Naþ ions (16,17), and water molecules
(18). Compared to high-Kþ, the atoms involved in the
H-bond between Trp67 and Asp80 are further apart, whereas
the side-chain oxygen atoms of Asp80 and Glu71 are closer
to each other. A similar structure of the SF was observed
in crystallographic structures of KcsA with the intracellular
gate in the open conformation (19). Because KcsA un-
dergoes inactivation upon gate opening, the structure of
the SF in low-Kþ is likely a representative of the inactivated
state of the channel. In contrast, other Kþ channels such as
MthK, maintain the same filter architecture regardless of the
concentration of Kþ ions (20), which implies that subtle
differences in the surroundings of the SF contribute to the
stability of the SF, and consequently to the permeation prop-
erties of Kþ channels.The selectivity filter of wild-type NaK and NaK-
CNG chimeras
The crystal structure of the NaK channel, a nonselective
tetrameric cation channel, was first published in 2006
(21). The conserved signature sequence of Kþ channels,
TVGYG, changes to 63TVGDG in NaK. The presence of
an acidic residue after the T-V/I-G motif is a hallmark of
eukaryotic cyclic-nucleotide-gated (CNG) channels, and
consequently, NaK is considered a bacterial homolog of
CNG channels. The single amino-acid substitution
(TVGYG to TVGDG) has a dramatic effect on the structure
of the SF (Fig. 1 B) whereas the rest of the pore remains
identical to that of Kþ channels. Residues Thr63 and Val64
of NaK define two binding sites equivalent to S3 and S4
in Kþ channels. Conversely, the direction of the carbonyl
oxygen atoms of residues Gly65 and Asp66 is tangential to
the pore axis, and as a consequence, binding sites S1 and
S2 are replaced by a chamber where ions and water mole-
cules may diffuse. Hydrogen bonds between Asp66 and
Asn68 lock residue Gly67 in a configuration with the Ca
atoms pinched inward with a minimum filter diameter of
5.6 A˚. The carbonyl oxygen atoms of Gly67 are exposed
Kþ and Naþ Conduction 1739to the extracellular solution, where they can contribute to the
coordination of an incoming cation. NaK, like the CNG
channels, is permeable to Kþ and Naþ ions, and to a lesser
extent to Ca2þ ions. Thus, it is not surprising that the x-ray
structure of the SF is not sensible to salt conditions. Electron
density corresponding to Naþ ions was detected at the
boundary between S4 and S3, and in the central SF chamber,
whereas Kþ ions were observed in S4, S3, the central cham-
ber, and at the extracellular entrance of the SF (22).
The amino-acid sequences at the SF C-terminus of NaK
(TVGDGNF) and CNG channels (TIGETPP) differ. When
some of the NaK amino acids were mutated to the corre-
sponding amino acids of CNG channels, a novel, structure
of the SF was observed (23). In these NaK-CNG chimeric
channels, the carbonyl oxygen atoms of Gly65 point toward
the permeation pore. Thus, three binding sites analogous to
S2–S4 of Kþ channels are present where Kþ ions were
described (Fig. 1 B). Instead, Naþ ions were detected at
the boundaries of S2–S4. In NaK-CNG chimeras, the side
chain of the residue at position 66 is orthogonal to the
permeation axis, directed toward the back of the SF where
it hydrogen-bonds to Tyr55. This hydrogen bond resembles
the H-bond between the tyrosine of the TVGYG signature
sequence of Kþ channels and a residue of the P-loop
(Trp68 in KcsA) (1). NaK-CNG chimeras are more conduc-
tive than wild-type NaK (~110 vs. ~35 pS), but they are
nonetheless not selective to Kþ over Naþ (24). Selectivity
for Kþ emerges only when residues Asp66 and Asn68 in
NaK are mutated to the corresponding residues in Kþ
channels (respectively, Tyr and Asp). Neither mutation is
able to confer selectivity on its own. The x-ray structure
of the SF of this doubly mutated channel has four binding
sites identical to sites S1–S4 of Kþ channels. Mutation of
Thr63 to Ala results in the lost of binding site S4 and a
nonselective channel, clearly revealing a correlation
between selectivity and the number of binding sites.The selectivity filter of prokaryotic NaD channels
The first crystallographic structure of a voltage-gated Naþ
channel, NaVAb, was presented in 2011 (25); the prokary-
otic NaVRh and NaVMs structures were released immedi-
ately after (9,10). The P-loop region of these channels
includes a a-helix, analogous to the pore helix of Kþ and
NaK channels, followed by four residues lining the perme-
ation pathway, and a second a-helix running antiparallel
to the first one (Fig. 1 A). The crystallographic structures
of NaVMs and NaVAb with mutations Ile
217-Cys and
Met221-Cys are almost perfectly symmetric with respect to
the pore axis. In contrast, wild-type NaVAb crystallized in
two different structures, both characterized by a marked
asymmetry with respect to the pore axis (8).
The asymmetry of the structure manifests itself in
a reduction in the minimum radius of the SF of 1–2 A˚.
An asymmetric filter was also observed in the NaVRhchannel (9). The sequence of the SF in NaVRh is
TLSSWE compared to TLESWS in NaVAb; namely,
residues Glu177 and Ser180 of NaVAb swapped positions in
NaVRh. The glutamate residues are still close to the pore
lumen where they can contribute to the negative electro-
static potential of this region. However, in NaVRh, it is the
serine residue that lines the extracellular entrance of the
SF, and may interact with incoming ions. Its side chain
adopts different conformations in the four subunits, result-
ing in an asymmetric SF. Because of these asymmetries,
and the subsequent decrease in the minimum radius of the
SF, the structures of wild-type NaVAb and NaVRh are
believed to represent inactivated states of the channel.
In contrast, the filters of NaVAb-I217C-M221C and
NaVMs are in identical symmetric configurations, likely
representing a conductive state (Fig. 1 B). It is important
to remark that all the structures of Naþ channels known to
date belong to prokaryotic channels. An important differ-
ence is observed between prokaryotic and eukaryotic
sodium channels: whereas all four subunits have identical
sequences in the former, the domain sequences are similar
but not identical in the later. Regarding the SF, prokaryotic
channels present a ring of four glutamate residues. This
EEEE signature sequence changes to DEKA in eukaryotic
ones. Therefore, as of this writing, there is a debate among
electrophysiologists as to whether these bacterial channels
are good models to infer conduction mechanisms or other
properties of eukaryotic Naþ channels (26).KD CHANNELS AND NONSELECTIVE CHANNELS
KD channels conduct by a knock-on mechanism
X-ray structures provided direct evidence of the presence of
Kþ binding sites in the SF of Kþ channels. Binding sites
S1–S4 displayed similar relative occupancy, and because
experimental structures are an average over different occu-
pancy states of the SF, the two alternative configurations
with ions in S1–S3 and S2–S4 were suggested to be energet-
ically themost probable (27).MD simulations confirmed that
ions are stable in configuration S1–S3 and S2–S4,with the re-
maining binding sites occupied by water molecules (28–30).
Free-energy calculations using the free-energy perturbation
technique were performed for all the 16 possible Kþ and wa-
ter-loading states of the SF of KcsA (31). These calculations
confirmed that a configuration with ions in S2–S4 is the most
stable, followed by a configuration with ions in S1–S3
(~3.5 kcal/mol higher in energy). The small energy differ-
ence between these states is in agreement with a long-stand-
ing view of conduction in Kþ channels whereby ionsmove in
concerted single-files (32). Ions can easily switch between
these two configurations; it is the repulsive force from an
incoming ion that prompts concerted movements of ions
already in the SF, and the ejection of the ion at the opposite
side of the pore. In this mechanism, ions andwater moleculesBiophysical Journal 105(8) 1737–1745
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e.g., S3–S4, with a minimal energetic cost (33).
An alternative conduction mechanism that does not entail
water molecules but the presence of empty sites and ions
occupying consecutives sites was also proposed to be ener-
getically accessible (34). The general features of the knock-
on mechanism were confirmed by MD trajectories with a
constant electric field simulating the presence of a trans-
membrane potential (35,36). By using this protocol, it is
possible to directly compare ion fluxes with experimental
currents, and to analyze conduction events without the
need of assuming any initial configuration of ions, in
contrast to potential of mean force (PMF) calculations
with umbrella sampling where the number of ions and the
starting configurations for the umbrella sampling trajec-
tories need to be input. The estimated conductance values
are in quantitative agreement with experimental data, but
only for membrane potentials higher than physiological
values (36). At physiological membrane potentials, theoret-
ical conductances were more than one order of magnitude
lower than experimental values (37).KD versus NaD selectivity
Binding sites S1–S4 appear as perfectly designed to accom-
modate Kþ ions (1), which seems to confirm a thermody-
namic view of channel selectivity in which ion selectivity
is determined by the free-energy difference between ions
in a binding site relative to the corresponding quantity in
bulk water. Free-energy calculations confirmed that binding
sites S1–S3 are selective to Kþ ions, with the highest selec-
tivity found at S2 (33,38). The computational estimates of
Kþ/Naþ selectivity in S2 are in quantitative agreement
with Ba2þ blockade experiments (39). One of the earliest
classical models to explain selectivity is the snug-fit hypoth-
esis, which states that channels maintain a rigid scaffolding
in which the cation sits, and the geometry of a binding
site is optimized for a particular ion. In rigorous terms, the
snug-fit hypothesis is in contradiction with experimental
and computational data, because the thermal fluctuations
of the atoms lining the SF (~0.75 A˚) are larger than the
0.38 A˚ difference in radius between Naþ and Kþ. Surpris-
ingly, MD simulations revealed that selectivity could
emerge also in toy models of binding sites made of coordi-
nating dipoles free to move in a confined region around the
ion (40). The repulsion between the coordinating dipoles
was proposed to be responsible for selectivity in these
models, a hypothesis that was also supported by simulations
using the entire KcsA channel (40). In addition, the promi-
nent role of the number of coordinating ligands, as opposed
to their intrinsic electrostatic properties (40,41), was an
alternative explanation suggested for the selectivity of toy
models (42–44).
Finally, the effect of the thermal motion of the ligands
was explored, and an entropic factor was suggested to alsoBiophysical Journal 105(8) 1737–1745contribute to selectivity (45). Despite diverse views, nowa-
days there is a general consensus in that a precise geometry
of the binding site is not required, and that selectivity might
emerge as a result of the protein control on the number of
coordinating ligands, their chemical nature, and the charac-
teristics of the surrounding environment. The contribution
from the environment outside the local binding site is
required to explain the different selectivity of S1–S4 or of
equivalent binding sites in different channels (i.e., S3 in
Kþ channels and the NaK nonselective channel). This
contribution is negligible only if ion-environment and site-
environment interactions cancel out (46). Interested readers
are referred to more detailed reviews (47–49).Binding of NaD ions in KD-selective channels
Sodium ions were observed to spontaneously enter the SF of
Kþ channels in unrestrained MD simulations (50). Accord-
ing to MD trajectories, Naþ ions are expected to stay closer
to the carbonyl oxygen atoms of the SF than Kþ ions (51).
The presence of ions smaller than Kþ occupying the SF of
Kþ channels was confirmed by the x-ray structure of
KcsA in low-Kþ/high-Liþ concentration (52). The binding
of Naþ ions in the SF of Kþ channels was later observed
in MthK (20) as well. In the presence of Naþ and in the
absence of Kþ ions, the x-ray structure of MthK presents
stronger electron density at the boundaries of S1 and S4
compared to the situation of a filter occupied by Kþ ions.
Hereafter, Sij will be used to denote the boundary between
adjacent Kþ binding sites, where i and j are the indices of
two consecutive sites. Free-energy calculations showed
that S34 is selective for Na
þ and Liþ ions over Kþ ions
(52). Thus, whereas binding sites S1–S4 are indeed selective
to Kþ over Naþ, other positions inside the SF show the
opposite trend. When free-energy calculations are per-
formed with the ions restrained at the Kþ binding sites (or
when simulations are too short to sample ion movements),
the results are naturally biased toward Kþ selectivity. How-
ever, if ions are allowed to reach their optimal binding posi-
tions, respectively at the centers and boundaries of sites
S1–S4 for Kþ and Naþ ions, sites S2 and S3 lose much of
their selectivity, and sites S0, S1, and S4 become Naþ-selec-
tive (53). The ability of the SF of a Kþ channel to accommo-
date both Kþ and Naþ ions challenges the general view of
thermodynamic factors being the driven force behind selec-
tivity. An alternative view is that Naþ ions are excluded
from permeation events because of kinetic factors, i.e., the
entry rates into the SF are lower from Naþ ions compared
to Kþ ions.NaD-permeation through KD channels
Because ion conduction in Kþ channels is a multi-ion
permeation process, the presence of alternate binding sites
for Kþ and Naþ ions inside the SF might result in diverse
Kþ and Naþ Conduction 1741energy barriers for different ion mixtures. Experiments with
the Naþ punch-through technique provided quantitative ev-
idence for the higher energy barrier experienced by Naþ
compared to Kþ ions when approaching the SF from the
intracellular side (54), and free-energy calculations under-
pinned the rationale for this higher barrier in the context
of a multi-ion permeation process. When a Naþ ion ap-
proaches the SF already loaded with two Kþ ions from the
intracellular side, binding site S34 is farther than the first
Kþ binding site that the ion reaches, which is S4. Thus,
binding of a Naþ ion requires preliminary displacement of
Kþ ions already inside the SF, with a consequent energetic
cost (52). A similar mechanism applies to a Naþ ion ap-
proaching the SF from the extracellular side. When Kþ
ions are already inside the SF, an incoming Naþ ion can
easily reach binding sites S01 and S12, whereas access to
binding site S23 is prevented by an energetic barrier
>10 kcal/mol (Fig. 2) (55,56). This energy penalty may
arise because Naþ ions bind less favorably at S23 compared
to at S01, S12, and S34—likely as a result of a lower number
of water molecules coordinating an ion in this central region
of the SF. Preference of Naþ ions for binding sites S34 and
S12 compared to S23 was observed also in an SF occupied
by only two Naþ ions. In the SF of the NaK channel mutated
to mimic a Kþ-selective channel, the configuration S12–S34
was found ~10 kcal/mol more stable than the configuration
with a Naþ ion in S23 (57).Nonselective conduction
The x-ray structures of NaK and of its mutants offer a
unique opportunity to test selectivity mechanisms. In agree-
ment with experimental data, MD trajectories confirmed the
binding of Kþ ions in S3, S4, in the central chamber, and at
the extracellular entrance of the SF (58,59). In contrast, Naþ
ions preferentially occupy the boundaries between binding
sites as in Kþ channels (58). The central chamber is not se-
lective to Kþ over Naþ in contrast to S2, the analogous re-
gion in Kþ channels, and the most selective site (60). The
presence of the central chamber also results in a decrease
in the selectivity of S3 for Kþ, probably because the higherhydration number of an ion bound at S3 in NaK compared to
Kþ channels (60). At the extracellular side, the central
chamber terminates in the narrowest region of the SF. In
simulations with a constant electric field, permeation events
were observed only with membrane potentials of >1–2
Volts (58,61).
Conductance values estimated by these computations do
not increase linearly with the applied membrane voltage,
which reflects the presence of high-energy barriers opposing
ion conduction. Residue Gly67, which delimits the central
chamber of the SF from the extracellular solution, is respon-
sible for the high energetic cost, as confirmed by PMF cal-
culations (61,62). This bottleneck is not present at the
extracellular entrance of the SF of NaK-CNG chimeras,
and therefore, the energy barriers for ion conduction are
lower (62). Similar energy barriers were estimated for
Naþ and Kþ ions and their mixtures (63). Thus, whereas
Kþ-selective channels oppose higher energy barriers to con-
duction of ion mixtures compared to purely Kþ ions, NaK-
CNG, which is not selective, shows similar energy barriers
(Fig. 2). Remarkably, binding sites S2–S4 are identical in
NaK-CNG and Kþ channels, although a Naþ ion behaves
differently in S2 of NaK-CNG or Kþ channels. The pres-
ence of an additional binding site above S2 modifies the
hydration properties of anything sitting at S2, which could
explain why S23 is a low-energy binding state for Na
þ
ions in NaK-CNG but not in Kþ channels.NAD CHANNELS
Binding sites in NaD channels
Although Naþ binding sites could not be resolved experi-
mentally in the first crystallographic structure determined,
three binding sites were proposed based on the structural in-
formation (25). The side chain of Glu177 defines an electro-
negative region at the extracellular entrance of the SF of
NaVAb, which is expected to attract cations. This site,
known as SHFS, was associated with the high-field binding
site proposed by Eisenman and Horn (64), and is responsible
for Naþ/Kþ selectivity. The two rings of carboxyl oxygenFIGURE 2 Conduction in Kþ channels and
Naþ/Kþ nonselective channels. (Square boxes)
Binding sites S1–S4. (Yellow circles) Naþ ions;
(different green shades) Kþ ions, respectively.
The highest energy barriers estimated for each
state transition in both directions are given, with
the corresponding references. (Transparency)
Ions not considered in all the cited references.
All the energy barriers refer to state transitions in
Kþ channels except the ones at the bottom of the
figure that refer to state transition in a NaK-CNG
chimeric channel with only three binding sites.
The absence of binding site S1 makes energetically
feasible the passage of Naþ through S2. To see this
figure in color, go online.
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ing binding sites, known respectively as SCEN and SIN. At
these positions, a Naþ ion might be coordinated by four
water molecules, which in turn make hydrogen bonds with
the backbone oxygen atoms of Thr175 and Leu176. MD sim-
ulations partially confirmed these hypotheses (65,66). If
SHFS is not occupied by other cations, a Na
þ ion rapidly
moves from the extracellular medium to this binding site
(66,67). Spontaneous transitions of Naþ from SHFS to bind-
ing sites SCEN and SIN, and also among SCEN, SIN, and the
cavity, were observed in equilibrium MD simulations
of nanosecond timescales (66,68). Energetic analyses
confirmed these binding sites. SHFS appears as a well-
defined energy minimum both in single-ion or multi-ion
PMF (65,69). Binding sites SCEN and SIN were described
as independent energy minima separated by a low-energy
barrier (~1 kcal/mol) by some authors (69,70), whereas
others observed a single broad energy minimum corre-
sponding to the intracellular entrance of the SF (65,68).
At the innermost binding position (SIN), a Na
þ ion is
centered along the channel axis, and aligned with the ring
of carbonyl oxygen atoms of Thr175. At this site, the ion pre-
serves intact its first hydration shell, as proposed by Payan-
deh et al. (25). Moving outward from SIN, a second binding
site is described where the carbonyl oxygen atom of Leu176
substitutes one water molecule of the first hydration shell of
the ion. At binding site SHFS, the Na
þ ion may exist in two
configurations—one aligned with the channel axis that has
the ion fully hydrated, and an alternative configuration
with one or two water molecules from the first hydration
shell substituted by oxygen atoms from side chains of
Glu177 and Ser178 (71). Binding sites with identical proper-
ties were described in NaVMs. Conversely, the crystallo-
graphic SF structure of NaVRh is asymmetric, with a
minimum radius <1 A˚, and for this reason, the x-ray struc-
ture of NaVRh was believed to represent an inactivated state.
This idea contrasts with the findings in MD simulations,
where the pore rapidly evolves toward an open stable
conformation, with three Naþ binding sites analogous to
SCEN/SIN and SHFS (70).Conduction in NaD channels
The spontaneous translocation of Naþ ions between SHFS
and SCEN/SIN observed in equilibrium MD simulations
imply that a low-energy barrier separates these sites. One-
dimensional PMF confirmed that the barrier for this event
is ~4 kcal/mol (65,69). Equilibrium trajectories also sug-
gested that a doubly occupied state with ions at two sites
in the filter is stable, and PMF confirmed that when two
Naþ ions are considered, the most stable configuration is
one with ions at SHFS and SCEN (65,69). The energy barriers
for permeation events of two Naþ ions were estimated be-
tween 2 and 5 kcal/mol (65,69,71). In contrast to Kþ chan-
nels, conduction in Naþ channels is a much more chaoticBiophysical Journal 105(8) 1737–1745process: ions do not move in a single file along the axis of
the SF. Instead, they may deviate from the channel axis in
SHFS and SCEN, they may occupy the same binding site
(SHFS and SCEN), or they may switch their position inside
the filter (71,72). Another peculiar difference from Kþ chan-
nels is that water and ion fluxes are independent from each
other (66). The minimum energy path follows the trajectory:
external/SHFS, SHFS/SHFS, SHFS/SCEN, SCEN/SCEN, SCEN/SIN,
and finally SCEN/internal; but other trajectories have similar
energy barriers. The repulsion from an incoming ion obvi-
ously pushes an ion already inside the SF in the opposite
direction. However, in remarkable contrast with Kþ chan-
nels, ion movements inside the SF are largely uncorrelated.
Simulations of inward conduction with a constant electric
field applied along the channel axis provided results consis-
tent with PMF estimates, with 1.8 ions on average occu-
pying the SF and two ions involved in the conduction
process (73). A third ion was seen to participate in the
permeation process during outward conduction, with an
average occupancy of the SF equal to 2.3 ions (71).Selectivity in NaD channels
Kþ ions can bind at SHFS, SCEN, and SIN in Na
þ channels in
a way that is similar to Naþ ions. The most striking differ-
ences between the energetics of Naþ and Kþ ions are in
the region between SCEN and SHFS. K
þ experiences higher
energy barriers than Naþ ions when moving between SHFS
and SCEN. This energy difference (2–3 kcal/mol) may
explain the mild selectivity of the NaVAb channel. Water
molecules in the first hydration shell of Naþ are optimally
arranged to form hydrogen bonds with Glu177, which is
not the case for the larger Kþ ion (69) and this might be
the reason for the increase in the permeation cost. Another
possibility is that a fully hydrated Naþ ion fits more easily
in the narrowest region of the SF between SHFS and SCEN
(65). In simulations with a constant electric field, the region
between SHFS and SCEN was the one with the lowest
occupancy probability (73). Any of these mechanisms of
selectivity apply only to prokaryotic channels, because
eukaryotic ones are characterized by a different signature
sequence of the SF, i.e., DEKA instead of EEEE. Note-
worthy, eukaryotic channels with the EEEE signature
sequence are selective to Ca2þ over Naþ ions. Using
reduced model systems, Dudev and Lim (74) provided a
rationale for why selectivity filters with the same EEEE
sequence may exhibit a different selectivity; the protein
matrix is proposed to be the key determinant of Ca2þ- versus
Naþ-selectivity in EEEE selectivity filters.
MD trajectories showed that the root-mean-square devia-
tion of the backbone atoms of the SF is ~1 A˚ (66,68). The
only relevant structural change in the SF was sampled in
the presence of Ca2þ ions (67). Ca2þ ions were observed
to bind at the extracellular entrance of the SF, and they
reached spontaneously SCEN. Compared to Na
þ ions, the
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2þ ion was >10 times slower
(<10 ns for Naþ, ~100 ns for Ca2þ). The binding of Ca2þ
at SCEN was linked to an inward movement of the side chain
of one Glu177 residue, which follows the direction of the ion
movement. What it is still unknown is which configuration
is the most energetically favorably for Ca2þ ions. In NaVAb,
an ~5 kcal/mol preference for SCEN over SHFS (67) and an
~2 kcal/mol preference for SHFS over SCNS were proposed
(72). In NaVRh, SCEN appeared ~8 kcal/mol more stable
than SHFS (70). These differences may be related to the
higher flexibility of the SF in the presence of Ca2þ ions,
in particular Glu177 residues. The consensus is the presence
of a binding site analogous to SCEN/SIN, which is in agree-
ment with the Ca2þ-binding site experimentally observed
in NaVRh (9), and the higher energy barriers experienced
by Ca2þ compared to Naþ or Kþ in the region between
SCEN and SHFS.
A study published after the submission of this review
examined the equilibrium behavior of NaVAb by performing
large-scale MD simulations of ~21.6 ms (75). Compared to
previous work, this study reports different binding modes
and average Naþ occupancy of the SF. A highly degenerate
free-energy surface was estimated for Naþ binding in the
SF, and an alternative configuration of the side chain of
Glu177 described when ions occupy the SF. As of this
writing, it is not clear why these structural changes of the
SF were not observed in previous MD simulations of similar
timescales. The presence of a large negative internal voltage
adopted in earlier simulations (73) might shift the conforma-
tional equilibrium of the glutamate residues in the SF, and
explain the discrepancy, but simulations on the microsecond
timescale were performed also without transmembrane po-
tential (73), or with negative membrane potentials (71),
and structural changes of the SF were not described.OUTLOOK
Despite the wealth of experimental and theoretical work re-
ported in this field to date, and the impressive plethora of
higher resolution structures of ion channels, the finer detail
of ion selectivity mechanisms is not yet fully understood.
However, in comparison with Kþ channels, knowledge of
Naþ- and Ca2þ-channel selectivity is very limited, espe-
cially in terms of their underlying molecular details. None-
theless, fortunately, the first atomic pictures of Naþ- and
Ca2þ-selective channels are already available, and these
high-resolution structures have started to broaden our
knowledge about the permeation process. A process that is
still largely unexplored by MD simulations is how residues
surrounding the SF modify conduction and selectivity. In
Kþ channels, there is clear experimental evidence of corre-
lation between residues at the back of the SF, C-type inacti-
vation, and channel selectivity, and although still under
discussion, the underlying mechanism of ion selectivity, as
determined electrophysiologically, probably reflects a com-bination of both energetic and kinetic factors. In several Kþ
channels, permeability to Naþ increases upon entering into
the C-type inactivated state (76). In KcsA, mutations of res-
idue Glu71 at the back of the SF, modify C-type inactivation
(77), Kþ/Naþ selectivity (78), and the conductive mode of
the channel (79). The effects of mutating Glu71 to Ala are
also evident in the x-ray structure of the SF, revealing the
presence of an alternative structure characterized by an out-
ward displacement of Asp80. This structure was proposed to
be a representative state of the SF preferentially conductive
of Naþ ions (78). Other mutations of Kþ-selective channels
have dramatic effects on channel selectivity without a clear
alteration in the underlying crystallographic structure (80).
The residues surrounding the SF are also crucial for selec-
tivity in Naþ-selective channels. The most striking evidence
of this is that eukaryotic channels with four glutamate resi-
dues in the SF are selective for Ca2þ over Naþ ions, whereas
prokaryotic channels with the same four residues show the
opposite behavior. In these situations, the dynamics of the
SF is likely to be key for understanding conduction and
selectivity.
Further computational work should also be continued to
elucidate the implications and potential importance of
C-type inactivated channels in water homeostasis because,
as of this writing, the physiological importance of water
flux through ion channels is unclear (81). It has been shown
that the C-type inactivated KcsA channel conducts water at
least as efficiently as aquaporins, and structural similarities
to other C-type inactivating mammalian Kþ channels sug-
gest that selective water transport through inactivated Kþ
channels may be physiologically relevant (81).
Four separate hypotheses for how water permeates Kþ
channels in the absence of ions have been proposed, and
should be computationally tested:
1. Water does not flow through the ion channel per se but at
the protein-lipid interface, because the channel might
perturb the lipid membrane.
2. Water flows through an alternative pathway within the
channel at a high rate.
3. Water traverses a wider selectivity filter, which would
also allow a partially hydrated Naþ ion to permeate.
4. Water transport occurs in a single-file fashion through the
central pore (which in our view is rather unlikely).
There are limitations inherent to MD simulations and the
free-energy calculations described here, such as the time-
scales that MD simulations can access, and the atomistic
force fields employed, which do not account for polarization
effects and which could have an impact on the behavior of
the ions in the SF (82–88). Despite these limitations, the
field of MD simulations has reached a point both in terms
of the reachable timescales and the robustness of the force
fields, where it is truly able to contribute to predicting con-
duction properties and channel modulation by ligands and
toxins. Indeed, MD simulations have the potential to unveilBiophysical Journal 105(8) 1737–1745
1744 Furini and Domenehow structural differences alter dynamical properties, and
they are crucial for understanding the interplay between
the structure and function as well as providing guidelines
for experiments. The relentless growth in computational
power, the development of new algorithms to tackle these
so-called rare events, improved force-field parameters, and
the concomitant increasing availability of membrane protein
structures for ion channels will continue to assist, contrib-
uting even further in the elucidation of the molecular deter-
minants of conduction and selectivity—two of the most
fundamental issues in the field of biophysics.REFERENCES
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